This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms Eur. Phys. J. B (2018) Abstract. We present a first-principles based semiphenomenological approach to study the superconductivity in the noncentrosymmetric superconductor LaNiC2 with spin-orbit coupling. Based on group theoretical considerations, it was already shown that the breaking of time-reversal symmetry is only compatible with nonunitary triplet pairing states. To investigate the pairing mechanism by which this comes about and the possible role of the lack of inversion symmetry, we have combined the relativistic spin-polarized version of Korringa-Kohn-Rostoker method for the solution of the Dirac-Bogoliubov-de Gennes equations with a semiphenomenological parametrization of the pairing interaction. This made possible to study different orbital specific pairing models in quantitative details. We compare our predictions for the temperature dependence of the specific heat and it is found that it can be described by an interorbital equal-spin pairing on the nickel which breaks the time-reversal symmetry.
Noncentrosymmetric superconductors have been a subject of great interest since the discovery of superconductivity in the heavy-fermion material CePt 3 Si [1] . The main consequence of broken inversion symmetry in superconductors is that it admits the possibility of mixed spin singlet and spin triplet pairing. In this paper, we focus on LaNiC 2 which is an unconventional noncentrosymmetric superconductor with T c = 2.7 K. The unconventional behavior was observed through zero-field muon spin resonance which indicated time-reversal symmetry breaking at the superconducting instability [2] . There are a number of other examples of time-reversal symmetry breaking superconductors including for example (U, Th)Be 13 [3] , Sr 2 RuO 4 [4] , UPt 3 [5] , (Pr, La)(Ru, Os) 4 Sb 12 [6, 7] , PrPt 4 Ge 12 [8] , LaNiGa 2 [9] , SrPtAs [10] , Re 6 (Zr, Hf, Ti) [11] [12] [13] , Lu 5 Rh 6 Sn 18 [14] , La 7 Ir 3 [15] , and interestingly, twin-boundary interfaces of FeSe [16] .
Although evidence for nodal gap structure was found from some measurements [17] [18] [19] , recent specific heat [20, 21] , nuclear quadrupole relaxation [22] , magnetic impurity [23] , and penetration depth measurements [24] indicate fully gapped behavior in LaNiC 2 . It was also measured that the magnetization points in the direction of the z-axis indicating close relationship with the crystal structure, which lacks inversion symmetry along the z-axis [25] . For LaNiC 2 symmetry analysis implies that the superconducting instability is of the non-unitary triplet type, with a spin-orbit coupling that is comparatively weak leading to a small singlet component [26] . However, the microscopic nature of the pairing mechanism leading to broken time-reversal symmetry is still a mystery. In order to understand the nature of superconductivity, we apply the semiphenomenological strategy suggested by Gyorffy et al. in reference [27] which is based on a combination of density-functional theory (DFT) within the local density approximation (LDA) and the Bogoliubov-de Gennes (BdG) equations. The goal is to determine the local orbitals which the electrons occupy when they are involved in the pairing interaction. Here, we employ a fully relativistic description based on the Dirac-Bogoliubov-de Gennes (DBdG) equations [28, 29] combined with a particularly efficient representation of the electron-electron interaction afforded by the DFT of superconductivity. In practice, this progress made possible by the recent generalization of the screened Korringa-Kohn-Rostoker (KKR) method for the solution of the DBdG equations presented in reference [30] . In this way, we incorporate every details of the band structure (including the effect of spin-orbit coupling) in the calculations, while the pairing interaction is described by phenomenological interaction parameters. We point out that the symmetry of the resulting gap is not assumed, but is the direct consequence of the assumed pairing model. For sake of completeness we should also mention that a non-relativistic spin DFT for superconductors and the approximated exchangecorrelation functionals have been developed by Linscheid et al. [31, 32] . At present, this is the most accurate theory, which allows the first principles calculation of the superconducting transition temperature for bulk systems [33] [34] [35] [36] [37] [38] [39] [40] . However, despite the simplicity of the LDA + BdG approximation [27] , it was able to describe the quasiparticle spectrum of cuprates [41, 42] , and the proximity effect in superconducting heterostructures [43] [44] [45] . The crystal structure of LaNiC 2 is simple (base centered orthorhombic structure with Amm2 space group) but noncentrosymmetric as shown in Figure 1 . The La atoms form trigonal prisms, which are alternately filled by Ni and C dimers, hence breaking the inversion symmetry along z-axis as it can be seen in Figure 1 . The normal state electronic structure was already published several times (see Refs. [46] [47] [48] [49] [50] ). Hence, here we just briefly review the important properties. The electronic structure calculations were performed with the KKR-method and the Quantum Espresso code [51] . We used the experimentally reported lattice parameters a = 3.952Å, b = 4.557Å, c = 6.193Å, with the following fractional coordinates La (0, 0, 0), Ni (0.5, 0, 0.626), and C (0.5, 0.160, 0.289) [52] . Without spin-orbit coupling there are two bands that cross the Fermi level and they have mixed Ni 3d, La 5d, and C 2p characters. One of them is nearly halffilled showing a large dispersion along the z-axis, while the other band gives a small electron pocket. Spin-orbit coupling leads to the splitting of these sheets consistent with the noncentrosymmetric structure. The calculated Fermi surface of LaNiC 2 is shown in Figure 2 . As it can be seen the effect of spin-orbit coupling is not so large. The reported average value of the splitting is 3.1 mRy [48] , which is about half of that in CePtSi 3 [1] . The Fermi surface has much weaker nesting properties compared to (Sm, Gd, Nd)NiC 2 which explains the absence of a charge-density wave [47] .
We have found that the majority of the Ni d character in the density of states (DOS) is away from the Fermi level, however, there is still a significant Ni d contribution near E F . The DOS has a relatively high value around 2.5 states/eV around E F , and the Ni d states cause a very small magnetic moment 0.001 µB on the Ni atom. This magnetic moment disappears by assuming an artificial centrosymmetric structure in the calculations, hence can be related to the lack of inversion symmetry. Since many RNiC 2 (R = rare earth) compounds show antiferrogmagnetic behavior [53] , the spin-polarized self-consistent calculations were also started from antiferrogmagnetic order by blowing up the unit cell, but it has ended in a ferromagnetic state. However, this does not provide clear evidence for a ferromagnetic order, since the proper way to determine the magnetic order of the ground state is to perform ab-initio spin dynamics at zero temperature [54] . Recently, an experimental hint of a magnetic phase was also found in reference [19] even for small pressure which seems to agree with our results.
Since the Fermi surface has a strong orbital degeneracy, and it is a very complex mixture of all Ni 3d, La 5d, and C 2p orbitals, which makes a detailed tight-binding model description very difficult. Therefore, it is advisable to include all the details of the band structure in the solution of the DBdG equations which is possible with the DBdG-KKR method [30] . First, we investigate the possible role and importance of the spin-orbit coupling. The group theoretical results suggested that the singlet-triplet mixing due to the noncentrosymmetric crystal structure must be small. However, the 3.1 mRy average value of the band splitting around the Fermi level looks quite significant compared to the typical values of the superconducting gap. Therefore, by assuming ∆ = 1 meV conventional s-wave pairing, we calculated the triplet components with the DBdG-KKR method [30] as a function of the spin-orbit coupling scaling parameter (see Ref. [55] ). To measure the effect of the spin-orbit coupling we associate charge-like quantities to the anomalous densities by integrating over the muffin-tin spheres. The same on-site ∆ for every atoms creates fully gapped quasiparticle spectrum, with the ratio for the singlet components of (La) 1:(Ni) 0.9:(C) 0.1, respectively, which is the consequence of the higher DOS at the Fermi level for the La, Ni atoms compared to the C atoms. As it can be seen from Figure 3 the spin-orbit coupling induces every type of triplet components in the site-resolved representation. However, the charges corresponding to the site-resolved equal-spin (↑↑ and ↓↓) triplet components are the same, which means that the time-reversal symmetry is not broken. Moreover, the sum for equal-spin triplet components of all sites is zero, since a negative sign appears for the equal-spin triplet components on the Ni and C atoms, which is a restriction by symmetry [26] . Figure 3 also suggests that the effect of spin-orbit coupling on the pairing interactions is small, since the full singlet-triplet mixing ratio is <2%. This observation is in good agreement with the predictions made by symmetry investigations in reference [26] .
To explain both time-reversal symmetry breaking, and fully gapped quasiparticle spectrum, here we employ the model originally developed for LaNiGa 2 [56] . Since the singlet-triplet mixing effect is only modest, we shall use the concept of angular momentum and spin when we investigate the possible pairing interactions which could lead to time-reversal symmetry breaking state. While in the practical KKR calculations we change into the relativistic |κ, µ basis by a Clebsch-Gordan transformation. In reference [56] , a novel triplet superconducting state was proposed, where the pairing occurs between electrons of the same spin on different orbitals. In certain cases (depending on the orbital character), this model can lead to a nodeless two-gap superconducting state which breaks time reversal symmetry. Now, it is instructive to assume an interorbital equal-spin pairing on the Ni atoms (see Fig. 4 ), since Ni d states may be responsible for spontaneous magnetism observed in reference [25] . To describe such scenario we use a basis set of local orbitals {φ L } to describe the single-particle wave function
where P = (R, L), R labels the site, and L is the composite index including the angular quantum number ( ), the magnetic quantum number (m), and the spin 
index (s). This leads to the DBdG equation in the orbital representation
where the Dirac Hamiltonian is
V eff and B eff are the effective electrostatic potential and exchange-field obtained from the normal state DFT calculations. The overlap matrix is defined as 
and σ denotes the Pauli matrices. By assuming that the pairing interaction is local, it leads to the following self-consistency condition for the pairing potential
Here, the pairing potential is proportional to the corresponding component of the pairing amplitude χ P P and is independent of the other components, and the interaction strengths Λ P P are treated as adjustable parameters. Our strategy is based on that if we choose only one of the interorbital interaction (R = R , but L = L ) to be nonzero, and fix the interaction strength by requiring that the transition temperature T c agrees with experimental one then all other superconducting properties can be calculated without further adjustable parameters. Particularly, we will calculate the specific heat. If one of these models do fit the experimental facts then we may conclude that, whatever physical mechanism is causing the pairing interaction, it acts between electrons occupying the orbitals selected in our model.
At the Fermi level the DOS contributions coming from all 5d Ni orbitals are significant, which means there are 10 possibilities for the interorbital equal-spin pairing model on the Ni atom. Again we assume the superconducting gap to be 1 meV and our goal is to find out which gives fully gapped quasiparticle spectrum and nodal gap structure. To calculate the DOS in all of these superconducting states considerable extra effort was necessary (about 250 000 k-points in the two-dimensional Brillouin-zone) to obtain the crucial features (the behavior of the quasiparticle DOS around the Fermi level) which are related to the gap structure. In Figure 5 , we can see that in most of the cases the DOS has V-shape around the Fermi level, which obviously implies line nodes in the quasiparticle spectrum. These slopes also determine the low-temperature specific heat as a function of temperature. However, equalspin pairing on the d z 2 − d x 2 −y 2 and d z 2 − d xy orbitals yields anisotropic fully gapped quasiparticle spectrum. Then, one obvious question is the relationship between this gap structure and the noncentrosymmetric crystal structure. Therefore, we have changed the fractional coordinates of the Ni atoms from the original (0.5, 0, 0.626) to (0.5, 0, 0.5), which transforms the Ni sublattice into centrosymmetric structure. Interestingly, the transformation of the lattice structure transformed the fully gapped behavior into nodal gap structure as it can be observed in Figure 6 . The same effect can also be achieved by scaling down spin-orbit coupling to zero, which indicates a close relationship between the splitting of the Fermi surface and the structure of the superconducting gap. In the next step, we choose the two fully gapped scenarios (equal-spin pairing on the d Supported by the small magnetic field on the Ni atoms an imbalance appears between the ↑↑ and ↓↓ triplet components: the charge associated to the ↑↑ triplet component on the Ni atom was larger by 9% compared to the ↓↓ component, which means that the above states break the time-reversal symmetry and give a non-unitary pairing state as found in reference [26] .
By calculating the DOS for finite temperatures the specific heat can be obtained as
where f T (ε) is the Fermi-Dirac distribution and D T (ε) is the temperature dependent DOS. The results are shown in Figure 7 where we compare our results with experimental measurements [21] . The pairing model (d zx -d zy orbital) with nodal gap structure clearly does not fit to the experimental one and it has a power law (C ∼ T 2 ) behavior at low temperatures (which is the consequence of the line nodes). However, the fully gapped scenarios are in good agreement with the experimental one and both of them have exponential behavior at low temperatures. Since the equal-spin pairing model on the d z 2 − d x 2 −y 2 orbitals are closer to the experimental specific heat and it needs a lower interaction strength, we may conclude that this pairing model is the most likely to happen. The results are robust against reasonably small perturbations (<5%) coming from other pairing channels. The local attraction between equal spins could be a consequence of Hund's rule coupling [57] , or, alternatively, it can also be mediated by phonons. However, since the Fermi surface has a strong orbital degeneracy, we can not exclude the possibility of a more complicated pairing interaction where more orbitals are involved.
In summary, we have presented a first-principles based semiphenomenological approach to study the superconductivity in the non-centrosymmetric superconductor LaNiC 2 within a fully relativistic description. We have found that the singlet-triplet mixing effect due to spinorbit coupling is only modest, which confirms the results of earlier group theoretical findings [26] . We have assumed interorbital equal-spin pairing on the Ni atoms, and it was proven that it breaks time-reversal symmetry and most of these scenarios yield line nodes in the quasiparticle particle spectrum, however two of them were corresponding to fully gapped spectrum (this behavior was linked to the noncentrosymmetric crystal structure). The equalspin pairing model on the d z 2 − d x 2 −y 2 orbitals could fit most accurately the experimental specific heat. While the above theory clearly contains a phenomenologically fitted parameter, it provides a new ground for speculations about the pairing mechanism. However, it should be mentioned that in the last decade enormous progress has been made in the fully ab-initio theory of superconductivity including both conventional [31, 32, 58, 59] and unconventional [60, 61] superconductors, which makes possible to get of rid of every phenomenological parameters. 
